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Description 

[Control Method for use with a Steerable 

Drilling System] 

Cross Reference to Related Applications 

[0001] This application is a continuation in part of US Patent Ap- 
plication Serial No 09/869,686 filed October 9, 2001 
which was filed as PCT application No. PCT/GB00/04291 
filed November 10, 2000, which claims priority from U.S 
Provisional application No. 60/164,861 filed on Nov. 10, 
1999. 

Background of Invention 

[0002] 3This invention relates to a method for use in controlling 
the operation of a steerable drilling system. The method is 
particularly suitable for use with a rotary steerable system, 
but may be used in other types of steerable drilling sys- 
tem used in the formation of subterranean wells. In par- 
ticular, the invention relates to a method of predicting 
how a drilling system will operate, respond or react to 
various operating conditions and changes therein. 



[0003] one type of rotary steerable system comprises a downhole 
assembly including a drill bit. The drill bit is carried by a 
drill string which is rotated typically by a well head located 
drive arrangement. A bias unit is included in the downhole 
assembly, the bias unit including a plurality of hinged 
pads moveable between extended and retracted positions. 
The pads are moved hydraulically using drilling fluid un- 
der the control of a valve arrangement. The valve arrange- 
ment is designed to permit control over the pads such 
that, when desired, the pads can be moved to their ex- 
tended positions in turn as the bias unit rotates. By ap- 
propriate control over the pads, the bias unit can be oper- 
ated to apply a sideways load on the drill bit which in turn 
will cause the formation of a curve in the well bore being 
drilled. The orientation of the curve will depend upon how 
the bias unit is controlled. 

[0004] it has been found that a number of factors must be taken 
into account when controlling the operation of a rotary 
steerable system. For example, the rate of change of di- 
rection of the bore hole being formed in response to the 
application of a given command signal to the bias unit de- 
pends upon several factors associated with the drilling 
system, for example rotary speed, weight on bit, rate of 



penetration and several factors associated with the forma- 
tion being drilled, for example the dip and azimuth of 
bedding planes. As a consequence, it is common for well 
bores drilled using steerable drilling systems to deviate 
from their desired paths. Such well bores may be of tortu- 
ous form containing many dog legs. Depending upon the 
orientation of the curves formed in the well bore, water or 
gas may tend to collect in the curves. Such accumulation 
of water or gas may impair subsequent use of the well 

bore in the extraction of oil. 
Summary of Invention 

[0005] it is an object of the invention to provide a control method 
for use with a steerable drilling system, the method sim- 
plifying control of the drilling system. 

[0006] According to the invention there is provided a method of 
predicting the operation of a steerable drilling system 
comprising the steps of inputting parametric model data 
representative of drilling conditions, calculating build and 
turn gain, cross-coupling and bias values to derive build 
and turn responsiveness values, using the derived build 
and turn responsiveness values in controlling the opera- 
tion of a steerable drilling system, measuring the actual 
build and turn responsiveness of the system, and calcu- 



lating a reachability ellipse diagram which compares the 
actual build and turn responsiveness to the ideal response 
to predict achievable rates of penetration and build and 
turn responsiveness for one or more sets of later operat- 
ing conditions. 

[0007] The parametric model data used is conveniently derived 
using data collected, in real time, during drilling. The 
parametric model data may include data representative of 
one or more of the following parameters: weight on bit, 
rotational speed, rate of penetration, torque, pressure, in- 
clination, dip and azimuth of bedding planes or other for- 
mation characteristics, hole curvature/gauge or other ge- 
ometric conditions, bit type and condition, and errors in 
instrumentation readings. 

[0008] The use of such a system is advantageous in that com- 
pensation can be made for the operating conditions, thus 
the risk of supplying the drilling system with instructions 
to drill a curve of too tight or too small a radius of curva- 
ture or of too great or small a length in a given direction 
can be reduced, thus permitting the drilling of a well bore 
of less tortuous form. 

[0009] The ellipse diagram may be displayed in a graphic form, 
for example in the form of a graph of build rate response 



against turn rate response upon which is plotted an enve- 
lope indicating the achievable responses for one or more 
sets of operating conditions. 
[0010] with such a display, an operator will be able to see 

whether it is possible to steer the drill bit of the drilling 
system in a given direction under one or more sets of op- 
erating conditions. The operator may then be able to 
modify one or more of the operating conditions over 
which he has some control to ensure that the operating 
conditions under which the drilling system is operating 
are such as to permit steering of the drill bit in the desired 

direction. 
Brief Description of Drawings 

[0011] The invention will further be described, by way of exam- 
ple, with reference to the accompanying drawings. 

[0012] Figure 1 is a diagram illustrating a drilling installation, 
with which the method of the invention may be used. 

[0013] Figure 2 is a sectional view illustrating part of the down- 
hole assembly of the installation of Figure 1. 

[0014] Figure 3 is a flowchart illustrating a method in accordance 
with an embodiment of the invention. 

[0015] Figure 4 is a representation of an output achieved using 
the method described with reference to Figure 3. 



[0016] Figure 5 is a block diagram illustrating the use of the 

method in conjunction with a drilling system of the type 
shown in Figure 1. 

[0017] Figure 6 is a reachability diagram produced using the 

method of the invention. 
Detailed Description 

[0018] Figure 1 shows diagrammatically a typical rotary drilling 
installation of a kind in which the methods according to 
the present invention may be employed. 

[0019] | n the following description the terms "clockwise" and 

anti-clockwise" refer to the direction of rotation as viewed 
looking downhole. 

[0020] As is well known, the bottom hole assembly includes a 
drill bit 1, and is connected to the lower end of a drill 
string 2 which is rotatably driven from the surface by a 
rotary table 3 on a drilling platform 4. The rotary table is 
driven by a drive motor indicated diagrammatically at 5 
and raising and lowering of the drill string, and applica- 
tion of weight-on-bit, is under the control of draw works 
indicated diagrammatically at 6. 

[0021] The bottom hole assembly includes a modulated bias unit 
10 to which the drill bit 1 is connected and a roll sta- 
bilised control unit 9 which controls operation of the bias 



unit 10 in accordance with signals transmitted to the con- 
trol unit from the surface. The bias unit 10 may be con- 
trolled to apply a lateral bias to the drill bitin a desired di- 
rection so as to control the direction of drilling. 

[0022] Referring to Figure 2, the bias unit 10 comprises an elon- 
gate main body structure provided at its upper end with a 
threaded pin 11 for connecting the unit to a drill collar, 
incorporating the roll stabilised control unit 9, which is in 
turn connected to the lower end of the drill string. The 
lower end 12 of the body structure is formed with a 
socket to receive the threaded pin of the drill bit. 

[0023] There are provided around the periphery of the bias unit, 
towards its lower end, three equally spaced hydraulic ac- 
tuators 13. Each hydraulic actuator 13 is supplied with 
drilling fluid under pressure through a respective passage 
14 under the control of a rotatable disc valve 15 located in 
a cavity 16 in the body structure of the bias unit. Drilling 
fluid delivered under pressure downwardly through the 
interior of the drill string, in the normal manner, passes 
into a central passage 17 in the upper part of the bias 
unit, through a filter, and through an inlet 19 to be deliv- 
ered at an appropriate pressure to the cavity 16. 

[0024] The disc valve 15 is controlled by an axial shaft 21 which 



is connected by a coupling 22 to the output shaft of the 
control unit, which can be roll stabilised. 
[0025] The control unit, when roll stabilised (i.e. non-rotating in 
space) maintains the shaft 21 substantially stationary at a 
rotational orientation which is selected according to the 
direction in which the drill bit is to be steered. As the bias 
unit rotates around the stationary shaft 21 the disc valve 
15 operates to deliver drilling fluid under pressure to the 
three hydraulic actuators 13 in succession. The hydraulic 
actuators are thus operated in succession as the bias unit 
rotates, each in the same rotational position so as to dis- 
place the bias unit laterally in a selected direction. The se- 
lected rotational position of the shaft 21 in space thus de- 
termines the direction in which the bias unit is actually 
displaced and hence the direction in which the drill bit is 
steered. 

[0026] |f the shaft 21 is not held in a substantially stationary po- 
sition, then the actuators 13 are operated in turn but are 
not all operated in the same rotational position. As a re- 
sult, rather than urging the bias unit laterally in a given 
direction, the direction in which the bias unit is urged 
changes continuously with the result that there is no net 
bias applied by the bias unit. 



[0027] Drilling systems of the general type described hereinbe- 
fore are described in greater detail in EP 0520733, EP 
0677640, EP 0530045, EP 0728908 and EP 0728909, the 
content of which is incorporated herein by reference. 

[0028] As described hereinbefore, for a given biasing load ap- 
plied by the bias unit, the rate of change of direction of 
the bore being formed is influenced by a number of fac- 
tors. The factors influencing the vertical rate of change, 
the build rate, are not always the same as those influenc- 
ing the rate of change in the horizontal direction, known 
as the turn rate. 

[0029] Figure 3 is a flowchart illustrating a method of controlling 
the operating of the drilling system of Figures 1 and 2. As 
shown in Figure 3, at the start of drilling a control system 
used in controlling the position occupied by the shaft 21 
is initialised with data representative of the likely drilling 
conditions. The input data is representative of factors as- 
sociated with the drilling system, the formation being 
drilled, the direction of the well bore, and the shape of the 
well bore. The factors associated with the drilling system 
include the intended weight on bit, rate of penetration, 
rotational speed, torque, pressure and inclination of the 
drill bit. The factors associated with the formation being 



drilled include the dip and azimuth of bedding planes. 
Data representative of likely errors in sensor readings and 
representative of the type and condition of the drill bit 
may also be input. If no suitable data is available to be in- 
put, then a default data set may be used. 

[0030] whilst drilling is taking place, data representative of the 
actual drilling conditions is collected and transmitted to 
the control system. The readings are conveniently taken at 
intervals, for example at every 30 metres of measured 
depth. The measured data is used to update the data of 
the parametric model. Figure 5 is a block diagram illus- 
trating the interrelationship between the various parts of 
the drilling system and the method of operation thereof. 

[0031] The updated data set of the parametric model is used to 
calculate a range of achievable or reachable drilling direc- 
tions which it is predicted can be attained under chosen 
drilling conditions, and this information is displayed 
graphically to the operator of the drilling system, for ex- 
ample in the form of a chart as shown in Figure 4. As 
shown in Figure 4, the chart takes the form of a graph of 
build rate against turn rate upon which is plotted an enve- 
lope 25 illustrating the predicted achievable drilling direc- 
tion for the prevailing drilling conditions, or default con- 



ditions in the event that default data values are being 
used. Also plotted on the graph is the current drilling di- 
rection 26. The chart may also indicate a desired drilling 
direction 27 if this information has been input by the op- 
erator. Such a desired drilling direction 27 is indicated on 
Figure 4. 

[0032] using the information displayed, the operator can deter- 
mine whether or not it is possible to achieve the desired 
drilling direction 27 under the prevailing drilling condi- 
tions. This is a relatively simple task as, if the desired 
drilling direction 27 falls within the envelope 25 then it is 
achievable with the current drilling conditions, and drilling 
can continue with appropriate signals sent to the bias unit 
to urge the drill bit to drill in the desired direction. 

[0033] if the desired drilling direction 27 falls outside of the en- 
velope 25 of achievable directions (as shown in Figure 4), 
then obviously if the well bore is to be drilled in the de- 
sired direction, this can only be achieved if the drilling 
conditions change. Although the operator has no control 
over a number of the drilling conditions, in particular the 
drilling conditions governed by the formation, he does 
have control over some of the drilling conditions associ- 
ated with the operation of the drill bit. For example, the 



operator could modify the rate of penetration, weight- 
on-bit, or rotational speed of the drill bit. Prior to modify- 
ing the drilling conditions, the operator may input trial 
values of certain of the operating parameters into the 
control system. The control system is arranged to display 
the envelope 28 of achievable drilling directions for those 
operating conditions. If the trial values for the operating 
conditions result in the production of an envelope of 
achievable drilling directions including the desired drilling 
direction 27, then the operator may choose to use those 
drilling parameter values in the control of the drilling sys- 
tem and then to direct the drill bit in the desired direction. 
Alternatively, the control system may be set up in such a 
manner as to output suitable values for the drilling pa- 
rameters in response to the operator entering a desired 
drilling direction. 
[0034] Figure 6 illustrates an alternative form of reachability dia- 
gram. In this form of reachability diagram, an ideal re- 
sponse is illustrated, this response being denoted by nu- 
meral 30. The ideal response is shown as being circular, 
suggesting that the response of the drilling system to a 
change in drilling conditions is entirely symmetrical. The 
diagram further includes a predicted achievable response 



denoted by numeral 32, this response being equivalent, in 
many respects, to the envelope 25 plotted on the graph of 
Figure 3, and showing the range of drilling directions 
which it is predicted can be attained under given operat- 
ing conditions. As shown, the predicted achievable re- 
sponse 32 takes the form of a distorted, shifted and ro- 
tated ellipse which is derived by modifying the ideal re- 
sponse using the calculated gain and bias responsiveness 
values (see below) of the system. Both the ideal response 
30 and the predicted achievable response 32 are provided 
with notches 34 of varying sizes provided to assist an op- 
erator in comparing the predicted achievable response 
with the ideal response which would be achieved under 
ideal drilling conditions. The operator can use the reacha- 
bility diagram to determine the size of doglegs or the like 
which can be formed, and to determine when a dogleg in 
a given direction is not attainable under given operating 
conditions. 

[0035] a number of different algorithms may be used in the cal- 
culation of the envelope of achievable drilling directions. 

[0036] | n one simple technique, the response of the system to a 
given input is used to calculate gain values K and K , 

B 3 

cross-coupling values C and C and bias values B 

K BT TB bias 



and T (where B and T represent Build and Turn respec- 

bias 

tively). 

[0037] The build and turn responsiveness values are then calcu- 
lated by, for each factor influencing the responsiveness of 
the system to a steering command, calculating a nor- 
malised deviation of the parameter value from the mean 
value of that parameter and multiplying the deviation by a 
coefficient representative of the responsiveness of the 
system to that one of the factors, and adding the results 
for each factor to one another and to the relevant ones of 
the gain, cross-coupling and bias values. These calcula- 
tions can be expressed by the following equations: 

[0038] 
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[0039] As mentioned above, other mathematical techniques may 
be used in the derivation of the envelopes of achievable 
steering directions. 

[0040] Rather than use the method to determine which steering 
directions are achievable for a given set of drilling condi- 



tions, or to determine sets of drilling conditions which can 
be used to achieve steering in a chosen direction, the 
method may be used to determine achievable rates of 
penetration for a given set of drilling conditions. Such use 
of the method may have the advantage that the rate of 
penetration can be optimised. 
[0041] Although the description hereinbefore related to the use 
of a specific type of steerable system, it will be appreci- 
ated that the invention is not restricted to the use of the 
method with the described drilling system and that the in- 
vention could be used with a range of other drilling sys- 
tems. 



